Rice grain filling is a process of conversion of sucrose into starch catalysed by a series of enzymes. Sucrose synthase (SUS) is considered as a key enzyme regulating this process. This study investigated the possible roles of sucrose and abscisic acid (ABA) in mediating the activity and expression of SUS protein of grains during grain filling in rice (Oryza sativa). Field-grown rice plants and detached cultured panicles were used as experimental materials. Several treatments, including spikelet thinning, leaf cutting, and applications of different concentrations of exogenous sucrose and ABA, were imposed during grain filling. A higher SUS activity was found in superior grains than in inferior grains in the earlier stage of grain filling, which was significantly and closely related to a higher grain filling rate and starch accumulation. An increase in sucrose concentration in grains as a result of different treatments increased both SUS activity and SUS protein expression in grains. An increase in ABA concentration gave similar results. Furthermore, effects of interactions between sucrose and ABA on the activity and expression of SUS protein in grains were also found. It was suggested that sucrose-and ABA-mediated rice grain filling is largely due to an increase in SUS activity and SUS protein expression.
Introduction
Rice grain filling is a complicated process which involves not only the interconversion of many kinds of metabolites, but also intricate regulatory mechanisms. Due to the fact that 75-90% of the final dry weight of rice grain is comprised of starch, starch biosynthesis and accumulation by grains is a major process that determines the final grain yield. During grain filling, sucrose, produced by photosynthetic source tissues, is transported via the long-distance phloem pathway to the grain sink where it is cleaved into UDP-glucose and fructose catalysed by sucrose synthase (SUS) (UDPglucose:D-fructose 2-glucosyl-transferase, EC 2.4.1.13) or into glucose and fructose by invertase (EC 3.2.1.26) . In the sink tissues of rice and many other plants, SUS-catalysed cleavage of sucrose is the main route for entry of sucrose into cellular metabolism (Sung et al., 1989; Geigenbenger and Stitt, 1993; Liang et al., 2001 ). The formed hexoses are then converted into starch via a series of enzyme-catalysed processes. Therefore, the SUS-catalysed reversible conversion of sucrose and UDP into UDP-glucose and fructose is thought to be the first step in the sucrose to starch conversion. There is considerable evidence to indicate that SUS activity plays important roles in the regulation of starch biosynthesis and accumulation within rice grains and is a potential indicator of grain sink strength and thus of high rice grain yield (Sung et al., 1989; Liang et al., 2001; Ishimaru et al., 2005; Counce and Gravois, 2006) .
Taking the roles of SUS in seed development and the grain filling process into consideration, extensive studies at * To whom correspondence should be addressed. E-mail: jsliang@yzu.edu.cn ª The Author [2009] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org the physiological and biochemical to the genetic and molecular levels have been carried out on this enzyme in different plant species in the past decades (Asano et al., 2002; Ishimaru et al., 2005; Yang and Zhang, 2005; Counce and Gravois, 2006; Hirose et al., 2008; Yang et al., 2008) . For rice, the SUS activity in grains undergoes a significant change during the grain-filling period, and a positive relationship between crop grain yield and SUS activity has always been observed (Liang et al., 2001; Ishimaru et al., 2005; Ohdan et al., 2005; Counce and Gravois, 2006) . The increased SUS activity may result in a greater percentage of grain filling, individual grain weight, and grains per panicle (Counce and Gravois, 2006) . Furthermore, the obvious difference in the efficiency of grain filling among different positions of spikelets on the panicle axis is also closely associated with SUS activity (Mohapatra et al., 1993; Liang et al., 2001) . In other plants, reduced SUS expression using the antisense technique in potato (Solanum tuberosum) tubers markedly decreased starch content and tuber yield (Zrenner et al., 1995; Herbers and Sonnewald, 1998) . The loss-of-function mutant, sh1, in maize, which bears a deletion of the Sh1 gene, significantly decreased the level of starch in seed and presented the 'shrunken' phenotype (Carlson et al., 2002; Chourey et al., 2006) . SUS gene expression is tightly regulated spatially and temporally. Recent studies have demonstrated that SUS is highly expressed in storage organs such as seeds, fruits, and tap roots, and is often positively correlated with starch content and fruit size (Herbers and Sonnewald, 1998; Ishimaru et al., 2005; Hirose et al., 2008) . The SUS expression level increased during seed development in Arabidopsis (Ruuska et al., 2002) and in rice (Ishimaru et al., 2005) . SUS gene expression has also been reported to be induced in response to environmental stresses and many other factors, such as hypoxia (Ricard et al., 1991) , cold (Hess and Willmitzer, 1996) , sucrose (Akihiro et al., 2006) , light (Ma et al., 2001) , and abscisic acid (ABA; Akihiro et al., 2006) . Plenty of evidence has shown that the SUS enzyme is encoded by multiple genes. For example, the model plant Arabidopsis thaliana has six putative members in the SUS gene family (Baud et al., 2004) . Recently, Hirose et al. (2008) identified that, in rice, SUS is encoded by six genes that comprise the entire rice SUS gene family. Of the six SUS genes, SUS3 and SUS4 were predominantly expressed in the caryopsis, indicating potential roles in carbon allocation within the filling grain (Hirose et al., 2008) . However, at present there is no direct information on the linkage between SUS protein expression and grain filling. Furthermore, the mechanisms regulating SUS protein expression and activity during grain filling and its possible roles in grain filling are still largely unknown. However, our previous results and many other reports have indicated that carbohydrate status and plant hormones play vital roles in the regulation of grain filling (Liang et al., 2001; Yang et al., 2001a Yang et al., , 2006 . Therefore, it is reasonable to assume that SUS protein expression and activity might be regulated by sugar status and/or plant hormones.
In this work, different treatments which altered the concentrations of sucrose and ABA in rice grains, in combination with the measurement of concentrations of endogenous sucrose and ABA as well as the activity of SUS of grains, were used to investigate the effects of sucrose and ABA on SUS activity. The effects of sucrose and ABA on SUS enzyme expression were also examined. The results obtained show that sucrose-and ABA-mediated rice grain filling is largely through increasing SUS activity and SUS enzyme expression.
Materials and methods

Plant material and cultivation
The experiment was carried out at the farm of Yangzhou University (32°30#N, 119°25#E) during the rice (Oryza sativa) growing season (from early May to mid October). Two rice cultivars, cv. Shanyou 63 and Liangyoupeijiu (Peiai 64S/93-11, an indica/indica F 1 hybrid), were grown in the field. Seeds were immersed in a water bath for ;24 h at room temperature and germinated under moist conditions (seeds were covered with two layers of moistened cheesecloth) at 37°C for another 30 h. The germinated seeds were grown in the paddy field and seedlings were raised in the field, with the sowing date was 8 May. They were transplanted on 10 June at a hill spacing of 0.20 m30.20 m with one seedling per hill. The area of each plot was 2310 m 2 and each treatment comprised three replications. The soil of the field was sandy loam with 22-28 g kg À1 organic matter and available contents of nitrogen, phosphorus, and potassium at 102, 30.4, and 52.0 mg kg À1 , respectively. Nitrogen (45 kg ha À1 in the form of urea) was applied before transplanting. Nitrogen fertilizer (in the form of urea) was also applied at mid-tillering (45 kg ha À1 ) and at panicle initiation (30 kg ha À1 ) stages, respectively. The water layer of the paddy field was kept at 1-2 cm, except at the endtillering stage (on about 10 July), when water was withheld for ;10 d.
Treatments and sampling
At the heading stage, ;600 uniformly growing and headed panicles were chosen and the spikelets on the chosen panicles with the same flowering date were labelled for each cultivar. The flowering date and the position of each spikelet on the lableled panicles were recorded. About 15 labelled panicles were sampled every 5 d from flowering to maturity. The spikelets that flowered in the first 2 d after heading were harvested as superior spikelets (grains) and those spikelets that flowered on the fifth and sixth days after heading were sampled as inferior grains (see also Liang et al., 2001) . Half of the sampled grains were frozen in liquid nitrogen for at least for 2 min and then stored at -80°C for further analyses. The other half of the grains were dried at 70°C to constant weight for ;72 h, and used for sugar analyses. The grain-filling rate was calculated according to the Richards equation (see Yang et al., 2006) .
For spikelet thinning and leaf cutting treatments, ;600 uniformly growing and headed panicles at the heading stage were chosen and divided into three groups. Groups 1 and 2 were used for spike thinning and leaf cutting treatments, respectively, i.e. half of the primary rachis branches along the main panicle rachis from the bottom to the top of the panicle were thinned (spikelet thinning treatment) and half of the top three leaves (on the basis of area) (leaf cutting treatment) were cut with scissors. Group 3 was used as a control. The remaining spikelets in the panicles were labelled as above and harvested every 5 d. 
Exogenous
Exogenous sucrose and ABA applications
For exogenous sucrose and ABA feeding experiments, panicles from uniformly grown plants after 2 d of heading were cut off at 10 cm from the panicle neck node. The detached panicles with the same numbers of spikelets were transferred into a 50 ml test-tube containing incubation medium (50310 À4 M MES-KOH, pH 5.5) with essential nutrients (see Liang and Cao, 1993) after surface sterilization with 1% (v/v) sodium hypochlorite. The concentrations used in the present experiment were 103, 503, 1003, and 150310 À3 M for sucrose and 13, 103, and 100310 À6 M for ABA. After being wrapped with aluminium foil, the test-tubes were placed in the dark at a temperature of 28°C for 7 d. At the end of treatments, only grains were harvested from the cultured panicles and stored as above for further analyses.
SUS enzyme extraction and activity assay
The dehulled grains were homogenized with a pre-chilled mortar and pestle in 10310 À2 M HEPES buffer (pH 7.5) containing 10310
, and 0.01% Triton X-100. After centrifugation at 15 000 g for 30 min, the supernatant was desalted on a Sephadex G-25 column, and the proteins were eluted by the reaction buffer that contained 50310
À4 M EDTA, and 30310 À4 M DTT. The enzyme activity (in the cleavage direction) was determined as described by Ranwala and Miller (1998) . Protein content was determined according to Bradford (1976) , using bovine serum albumin as standard. SUS activity is expressed on the basis of protein content. Grain starch and sucrose contents were determined according to Lü et al. (2008) and Yoshida et al. (1976) .
ABA extraction, purification, and quantification
The methods for extraction and quantification of ABA [(6) ABA] were based on the procedure described by Chen et al. (2006) . Samples of 20-30 dehulled grains were ground in a mortar (at 0°C) in 10 ml of 80% (v/v) methanol extraction medium containing 1310 À3 M butylated hydroxytoluene as an antioxidant. The extract was incubated at 4°C for 24 h and centrifuged at 7000 rpm for 15 min at the same temperature. The supernatant was passed through Chromosep C 18 columns (C 18 Sep-Park Cartridge; Waters, Millford, MA, USA) and pre-washed with 10 ml of 100% (w/v) methanol and 5 ml of 80% (v/v) methanol, respectively. A 2 ml aliquot of hormone fractions eluted from the columns was dried under N 2 and dissolved in 0.5 ml of phosphatebuffered saline (PBS) containing 0.1% (v/v) Tween-20 and 0.1% (w/v) gelatin (pH 7.5) for ABA analysis by competitive enzyme-linked immunosorbent assay (ELISA).
The antigens (ABA hapten carrier protein), mouse monoclonal antibodies against ABA, and IgG horseradish peroxidase used in ELISA were produced at the Phytohormones Research Institute (China Agricultural University). ELISA was performed on a 96-well microplate. Each well on the plate was coated with 100 ll of coating buffer (1.5 g l À1 Na 2 CO 3 , 2.93 g l À1 NaHCO 3 , and 0.02 g l À1 NaN 3 , pH 9.6) containing 0.25 lg ml À1 antigens. The coated plates were incubated for 30 min at 37°C, and then kept at room temperature for 3-4 min. After washing three times with ] buffer (pH 7.4), each well was filled with 50 ll of either extracts or ABA standards (0-2000 ng ml À1 dilution range), and 50 ll of 20 lg ml À1 ABA antibodies. The plate was incubated for 30 min at 37°C, and then washed as above. A 100 ll aliquot of 1.25 lg ml
À1
IgG horseradish peroxidase substrates was added to each well and incubated for 30 min at 37°C. The plate was rinsed four times with the above PBS-Tween-20 buffer, and 100 ll of colour-producing solution containing 1.5 mg ml À1 orthophenylenediamine and 0.008% (v/v) hydrogen peroxide was added to each well. The reaction was stopped by adding 50 ll of 4 M H 2 SO 4 per well when the 2000 ng ml À1 standard had a pale colour and the 0 ng ml À1 standard had a deep colour in the wells. Colour development in each well was detected using a Microplate Reader (model EL310, Bio-TEK) at an optical density of A 490 . The recovery test was as described previously (Yang et al., 2001a) À4 M EDTA, and 30310 À4 M DTT. The western blotting analysis was based on the protocol of Amersham-Pharmarcia Biotech. The antibody against SUS was prepared by our laboratory (see Xie et al., 2005) .
Statistical analysis
The results were analysed for variance using the SAS statistical analysis package (version 6.12; SAS Institute, Cary, N, USA). Data from each sampling date were analysed separately. Means were tested by LSD (least significant difference) at the P 0.05 level (LSD 0.05 ). Linear regression was used to evaluate the relationships of enzymatic activities with ABA content and starch accumulation rate in the grains.
Results
Grain filling and accumulation of sugars in grains
The grain filling characteristics of rice are significantly different among various varieties and vary from spikelet to spikelet on the panicle. Figure 1 shows the grain weight increase and grain-filling rate of two types of grains (i.e. superior grains and inferior grains) of the two rice genotypes investigated. The grain weight of superior grains increased rapidly and significantly after anthesis and reached its maximal grain weight ;20 d after anthesis (DAA), although there were small difference in the time taken to reach maximal grain weight between genotypes. The grain weight of inferior grains increased very slowly at the earlier stage of anthesis and a rapid increase occurred at ;10 DAA, and reached its maximal dry weight at ;35 DAA (Fig. 1A, B) . A two-peak curve of the grain-filling rate was observed for the two types of grains. The maximal grain-filling rate of superior grains of the two genotypes occurred at ;7 DAA; however, there was a marked difference in the time to reach the maximal grain-filling rate for inferior grains between the two genotypes, and the time to reach the maximal grain-filling rate for inferior grains of Liangyoubeijiu ( Fig. 1D) was ;7 d later than that of Shanyou 63 (Fig. 1C) . Furthermore, the values of the maximal grain-filling rate of the two types of grains for Liangyoubeijiu were much lower than those for Shanyou 63 (Fig. 1C, D) .
In order to explore the causes of the differences of different types of grains and various genotypes in grain filling characteristics, the roles of photoassimilate supply and ABA in the regulation of grain filling were studied by carrying out leaf cutting and spikelet thinning treatments at the heading stage, as well as by applying exogenous ABA or fluridone, an inhibitor of ABA biosynthesis, during grain filling of the genotype Liangyoupeijiu. The results showed Richards (1959) . The data presented are means of five measurements with the standard error.
that both leaf cutting and spikelet thinning treatments had little influence on the dry matter accumulation and grainfilling rate of superior grains. However, leaf cutting treatment significantly delayed and inhibited, whereas spikelet thinning treatment significantly stimulated and accelerated, the dry matter accumulation and grain-filling rate of inferior grains (Fig. 2) . These results implied that photoassimilate supply was an important limiting factor for grain filling and the superior grains had a higher ability to compete for limited photoassimilate, as compared with the inferior grains. Figure 3 shows the effects of exogenous ABA and fluridone applications on dry matter accumulation and grain-filling rate of the two types of grains. The grain weight and grain-filling rate of superior grains were increased or decreased, but not significantly, after ABA or fluridone treatment, respectively, compared with the control (no ABA or fluridone treatment). However, for inferior grains, ABA treatment significantly accelerated the grainfilling process and increased the grain-filling rate, whereas fluridone treatment produced the opposite effects. Furthermore, neither ABA nor fluridone treatment altered the grain-filling dynamics. Figure 4 illustrates the changes in sucrose contents in both superior and inferior grains of the two genotypes investigated and the effects of leaf cutting and spikelet thinning treatments during grain filling. At the early stage of anthesis, the sucrose content of superior grains of both genotypes was significantly higher than that of inferior grains and decreased rapidly as grain filling progressed. Leaf cutting treatment significantly decreased the sucrose content of both types of grains, especially of inferior grains, but had no influence on the dynamics of the sucrose content Fig. 2 . Effects of leaf cutting and spikelet thinning treatments on grain weight and the grain-filling rate in rice (cv. Liangyoupeijiu). The treatments were imposed at the heading stage, i.e. when the node of the panicle neck had just appeared. Half of the primary rachis branches along the main panicle rachis from the bottom to the top of the panicle were thinned with scissors as the spikelet thinning treatment and half of the top three leaves (on the basis of area) were cut as the leaf cutting treatment. The remaining spikelets in the panicles were labelled as above (see Materials and methods) and harvested every 5 d from the third day after treatments. Vertical bars represent 6SEM (n¼5). Effects of sucrose and ABA on rice grain filling | 2645 change. Spikelet thinning treatment produced opposite effects on sucrose content of both types of grains. The starch accumulation of the two types of grains and the effects of both leaf cutting and spikelet thinning treatments were very similar to those of dry matter accumulation (Fig. 2) (results not shown).
Changes of ABA and SUS activity in grains during grain filling
The ABA concentrations in both the superior and the inferior grains were low at the early stage of grain filling (Fig. 5) . With the progression of grain filling, the ABA concentration increased significantly and reached a peak at 15 DAA and 20 DAA for the superior and the inferior grains, respectively, and then decreased rapidly. The superior grains of the two genotypes had much higher ABA concentrations than inferior grains at the early and mid stages of grain filling. The SUS activity in grains showed similar trends to that of ABA concentration, and the maximal activity occurred at 15 DAA and 20 DAA for both superior and inferior grains of Shanyou 63 (Fig. 6A) , whereas, for Liangyoupeijiu, the maximal activity for inferior grains was ;10 d later than for superior grains (Fig. 6B ). Both leaf cutting and spikelet thinning treatment had little effect on SUS activity in superior grains, but significantly decreased or increased its activity in inferior grains. Moreover, for spikelet thinning treatment, the maximal SUS activity of the inferior grains occurred ;5 d earlier than that of the control, especially for Liangyoupeijiu (Fig. 6B) .
Effects of exogenous sucrose and ABA on SUS activity and SUS protein expression
The above results indicated that the grain-filling rate and SUS activity were significantly affected by photoassimilate supply and ABA. Here, the roles of sucrose and ABA in the regulation of grain weight and SUS activity and SUS protein expression were investigated further using a detached panicle culture system. Previous results indicated that the effects of exogenous sucrose or ABA on the contents of sugars and SUS activity of grains of detached panicles were concentration dependent, and lower concentrations of sucrose and ABA significantly stimulated the accumulation of sucrose and total soluble sugars by grains and increased grain SUS activity. However, higher concentrations of sucrose (i.e. >100310 À3 M) and ABA (i.e. 
>10310
À6 M) exerted inhibitory effects on SUS activity (data not shown). Table 1 illustrates the effects of sucrose and ABA on grain weight, contents of sugars, and SUS activity. As compared with the control (water), sucrose or ABA in the incubation solution significantly increased grain weight, contents of sucrose and total soluble sugar, and SUS activity of grains. The effect of simultaneous application of sucrose and ABA was lower than that of sucrose alone, but higher than that of ABA alone.
Western blotting results show the grain SUS protein expression varied greatly in different types of grains during the grain-filling period and was significantly affected by sucrose and ABA (Fig. 7) . Higher expression was observed in the superior grains from 5 DAA and remained at a higher level of expression for the whole grain-filling stage. However, almost no SUS protein expression was detected in the inferior grains until 15 DAA. Furthermore, the expression level of SUS protein in inferior grains was always lower than that of superior grains (Fig. 7A) . Both leaf cutting and spikelet thinning treatments had little influence on SUS protein expression of superior grains at either 5 DAA or 10 DAA. However, for the inferior grains, leaf cutting treatment inhibited and spikelet thinning treatment significantly stimulated SUS protein expression of inferior grains at either 5 DAA or 10 DAA, as compared with the control (Fig. 7B ). The experiment with the detached panicle culture system showed that SUS protein expression of rice grains was also affected significantly when exposed to solutions containing either exogenous ABA or sucrose, or both. No obvious differences in SUS protein expression were detected in the present experiment when detached panicles were exposed to a lower concentration of ABA (13 10 À6 M) or sucrose (<50310 À3 M); however, a marked stimulation of SUS expression in grains was identified when higher concentrations of either ABA (103 10 À6 M) or sucrose (100310 À3 M) were applied. The stimulation of simultaneous application of ABA and sucrose on SUS protein expression was not so significant as that of sucrose alone, but it was higher than that of ABA alone (Fig. 7C ).
Discussion
Grain filling is a dry matter accumulation process by grains, during which photoassimilates (mainly in the form of sucrose in rice), which come from the current assimilates transferred directly from leaves and/or assimilates remobilized from the pre-anthesis storage pool of non-structural carbohydrates in the stem-leaf sheath to grains, are converted to starch through a series of enzyme-catalysed reactions (Nakamura et al., 1989; Nakamura and Yuki, Fig. 6 . Changes of sucrose synthase activity and the effects of leaf cutting and spikelet thinning treatments in rice. The leaf cutting and spikelet thinning treatments were imposed as described in Fig. 2 . The data presented are means of three measurements with the standard error. (A) and (B) represent Shangyou 63 and Liangyoupeijiu, respectively. Table 1 . Effects of exogenous sucrose and ABA on grain weight, sucrose content, and sucrose synthase activity in rice grains
The detached panicles with the same numbers of spikelets were cultured in 50 ml test-tubes containing incubation medium (50310 À4 M MES-KOH, pH 5.5) with essential nutrients. The concentrations used in the present experiment were 100310 À3 M for sucrose or 10310 À6 M for ABA, or both. After being cultured in the dark at a temperature of 28°C for 7 d, the grains were sampled for further analyses. The grain weight was the mean of six detached panicles and the other parameters were the means of three measurements with the standard errors. The upper and lowercase letters indicate statistical significance at P <0.01 and P <0.05, respectively. Effects of sucrose and ABA on rice grain filling | 2647 1992; Liang et al., 1994 Liang et al., , 2001 ). In the grain sink, sucrose is first cleaved either by invertases or by SUS. A lot of evidence has indicated that invertases mediate the initiation and expansion of many new sink structures (Sonnewald et al., 1997; Sturm and Tang, 1999; Koch and Zeng, 2002) , and have no relation to grain filling of rice (Liang et al., 2001) . SUS is thought to be the first and key step in the conversion of sucrose to starch in rice grains and its activity is considered as an indicator of the grain sink strength of rice (Sun et al., 1992; Wang et al., 1993; Kato, 1995; Liang et al., 2001; Counce and Gravois, 2006) . However, recent studies have shown that a cell wall invertase-encoded gene, GIF1 (also known as OsCIN2), plays a key role in sucrose partitioning during early grain filling, and mutation and overexpression of GIF1 either reduced or increased grain size and weight (Wang et al., 2008) . These contradictory results suggested that rice grain filling is a complicated process and may be regulated by more than one gene. SUS catalyses the reversible conversion of sucrose and UDP into UDP-glucose and fructose, and the hexoses formed are further used either for biosynthesis of starch through a serial of steps catalysed by starch-synthesizing enzymes or for other physiological processes, such as respiration, cell wall biosynthesis, etc. (see review by Koch, 2004) . Therefore, it is reasonable to assume that SUS can potentially control the grain-filling process, and thus understanding of the molecular mechanisms regulating SUS activity and enzyme expression promises to be helpful in accomplishing future improvement of grain filling in rice.
The grain-filling process of rice is considered to be highly regulated by both genetic and environmental factors (Yang and Zhang, 2005; Counce and Gravois, 2006; Hirose et al., 2008) . Large differences in both the initiation of grain filling and the grain-filling rate, and thus the final grain yield, have usually been observed in different genotypes of rice varieties. Most indica rice cultivars usually exhibit an earlier initiation of grain filling and a faster grain-filling rate than japonica cultivars (Zhu et al., 1997) . Several hypotheses have been proposed to account for the differences of various genotypes of rice in grain-filling characteristics, including inferior assimilate accumulation capacity in the panicles or spikelets (Mohapatra and Sahu, 1991; Mohapatra et al., 1993; Yamagishi et al., 1996; Peng et al., 1999) and the morphological impediments such as the arrangement of spikelets or vascular bundle connections for assimilate transport restricting grain filling, hormone biosynthesis, and regulation (Liang et al., 1996; Yang et al., 2001a Yang et al., , 2003 . Environmental fluctuations also have a marked influence on rice grain filling. Yang et al. (2001a, b; 2003) provided plenty of evidence that mild soil drying during grain filling could significantly stimulate grain filling of rice by changing the sugar-metabolizing enzyme activity and phytohormone balance, as well as by stimulating the remobilization of reserves in stem-leaf sheath to the grains. Other environmental factors, such as high/low temperature (Tashiro and Wardlaw, 1989; Kobata and Uemuki, 2004) and extreme nitrogen fertilizer application (see review by Yang and Zhang, 2005) , also exerted adverse effects on grain filling.
Recently, much attention has been paid to the roles of SUS and its interaction with phytohormones in the regulation of grain filling of rice (Akihiro et al., 2006) . There is considerable evidence to indicate that SUS plays a major role in the regulation of grain filling and thus of grain yield. It is usually observed that SUS activity correlates with the grain sink strength and starch accumulation (Liang et al., 2001; Counce and Gravois, 2006; Mohapatra et al., 2009; Fig. 8A) . The effects of extreme temperature on grain filling in cereals are largely through reducing SUS activity (Hawker and Jenner, 1993) . The present results and those of others have shown that the later initiation of grain filling and lower maximal grain-filling rate of inferior grains of rice are correlated with the lower SUS activity in these grains as compared with those of superior grains ( Fig. 6 ; Liang et al., 2001; Ishimaru et al., 2005) . Molecular and genetic studies provide further evidence that SUS is a key enzyme in the conversion of sucrose into starch. A reduction in SUS activity reduced the availability of assimilates for storage and normal growth (Zrenner et al., 1995; Craig et al., 1999) . All these studies suggested that SUS is a crucial determinant of starch biosynthesis and the grain-filling process in cereal crops. However, little is known about the mechanisms by which SUS enzyme activity and/or expression of the SUS gene are regulated in vivo.
The duration of rice grain filling can be roughly divided into three phases, i.e. lag phase, linear increasing phase, and late filling period, and the duration of each phase varies greatly among different genotypes and different types of grains (i.e. superior grains and inferior grains). Nevertheless, the initiation of grain filling and the grain-filling rate in the linear increasing phase are always related to the SUS activity, and the higher the SUS activity, the earlier the initiation of grain filling and the higher the grain-filling rate (Figs 2, 6 ). Analysis of the sugar status of grains indicated that earlier initiation of grain filling is always linked to higher sucrose content of grains (Figs 1, 2, 4; Table 1 ). It is proposed that the earlier initiation of grain filling and higher grain-filling rate are the result of increased SUS activity induced by a higher sucrose concentration in these grains. This hypothesis is verified by the source-sink alteration experiment and the detached panicle culture experiment (Figs 2, 4, 6; Table 1 ). Spikelet thinning treatment, which significantly increased the sucrose content of the remaining grains on the panicles, significantly increased the SUS activity, and thus accelerated the initiation of grain filling and increased the maximal grain-filling rate (Fig. 6 ). The experiment with exogenous feeding of sucrose produced the same result. All these results point to the key role of sucrose in the regulation of SUS activity and thus the grain filling of rice. However, the mechanism of sucrose regulation of SUS activity in vivo remains unclear. The phytohormone ABA is considered to be another key determinant of grain filling. More and more evidence has shown that ABA plays very important roles in the regulation of grain growth and dry matter accumulation (Kato and Takeda, 1993; Akihiroa et al., 2006; Yang et al., 2006) . During rice grain filling, ABA content changes dramatically and the time at which ABA reaches a peak was closely related to the grain-filling process (Figs 1, 5 ). Significant differences in grain ABA concentration were observed between different types of grains, and a lower ABA concentration was usually detected in inferior grains compared with superior grains ( Fig. 5 ; Yang et al., 2001a Yang et al., , 2006 ; T Tang, Y Wang, and J Liang, unpublished results). The rate of starch accumulation by grains was significantly and positively correlated with ABA content ( Fig. 8 ; Yang et al., 2006) . Exogenously applied ABA or mild water stress, which resulted in a significant increase of grain ABA content at the early grain-filling stage, significantly stimulated grain filling and increased the maximal grain-filling rate, especially for the inferior spikelets ( Fig. 3 and Table 1 ; Yang et al., 2006) . When fluridone, an inhibitor of carotenoid biosynthesis, which may indirectly reduce ABA biosynthesis, was applied to the spikes at the early grainfilling stage, the grain filling was inhibited and the maximal grain-filling rate decreased, as compared with the control (Fig. 3) . Generally, under normal growth conditions, photoassimilate supply seems to be an important limiting factor for grain filling in the inferior spikelets, but not in the superior spikelets (Fig. 2) . The poor grain filling of the inferior spikelets is largely due to their lower competence for the photoassimilate, as a result of lower grain sink strength (Liang et al., 2001) . At the early grain-filling stage, when the endogenous ABA concentration in the inferior grains was significantly lower than that in the superior spikelets (Fig. 5) , the lower ABA concentration may be the major limiting factor of grain filling in the inferior spikelets. Consequently, when ABA was applied to panicles at that time, the stimulation by ABA of the grain-filling rate of inferior spikelets was markedly increased as compared with superior spikelets. Further experimental results indicated that the effects of ABA on grain filling were, to a large extent, via its effect on SUS activity (Fig. 8B , C and Table  1 ; Zhao et al., 2007) . Co-treatment with ABA and sucrose had strengthened the effect of ABA on SUS activity, but Effects of sucrose and ABA on rice grain filling | 2649 weakened the effect of sucrose on it (Table 1) . The underlying molecular mechanisms regulating SUS activity remain elusive. There have been several reports that, at the enzyme level, SUS activity in sucrose synthesis and sucrose cleavage were differentially affected by divalent metal ions, protein factors, the redox state, and the subcellular localization of the enzyme (see review by Koch, 2004) . In addition, SUS is post-translationally regulated by reversible phosphorylation (Asano et al., 2002; Hardin et al., 2004) .
Not only the SUS activity is regulated by sucrose, ABA, and many other factors, but the expression of SUS genes was highly induced in response to environmental stresses and sugars. SUS has so far been reported to be encoded by multiple genes which have distinct and partially overlapping expression patterns in both monocot and dicot plant species (Baud et al., 2004; Hirose et al., 2008) . In rice plants, six genes encoding SUS have been characterized (Hirose et al., 2008) . Real-time PCR analysis showed that SUS transcripts were detected in a wide range of tissues and at different developmental stages. Of the six genes, SUS3 and SUS4 were predominantly expressed in caryopses during grain filling, suggesting that these two genes were involved in the cleavage of sucrose and starch biosynthesis. A lot of evidence has shown that the expression of SUS genes could be induced by cold treatment, dehydration, or osmotic stress (Hess and Willmitzer, 1996; Déjardin et al., 1999; Kleines et al., 1999) . It was also regulated by externally provided sugars (Koch, 1996; Déjardin et al., 1999; Baud et al., 2004) . Here, further evidence was provided that, at the protein level, the expression of SUS genes was induced by sucrose and ABA. Significant differences in the expression pattern of SUS protein were characterized between superior and inferior grains during grain filling, and SUS protein was not detected till 15 DAA (Fig. 7A) . According to the dynamic changes of sucrose concentration during grain filling and the effect of source-sink alteration (Fig. 4) , it was hypothesized that SUS protein expression in grains might be induced by sucrose. This hypothesis was verified by another experiment showing that an increase of sucrose concentration of grains (inferior grains) (such as treatments by spikelet thinning or exogenous sucrose fed into detached panicles) can induce SUS protein expression (Fig. 7B, C) . SUS protein expression could also be induced by ABA (Fig. 7C) . Again, the effect of co-treatment on SUS protein expression in grains was similar to its effect on SUS activity (Fig. 7C, Table 1 ), although the mechanisms that act in vivo were still unknown. Not surprisingly, intricate regulatory interactions with plant hormones are an essential part of the sugar sensing and signalling network. The present results also suggested that there might be a sucrose concentration threshold, and only when this sucrose concentration is higher than this threshold can SUS protein expression be induced. Of course, this hypothesis needs to be elucidated further.
In conclusion, rice grain filling is a highly complicated process and is regulated by both genetic and environmental factors. SUS is one of the most important factors in controlling grain filling, which is itself highly regulated at the levels of both enzyme activity and protein expression by sucrose and ABA. The results provided in this experiment also explain well the differences of grain filling and starch accumulation between various types of grains and between genotypes. This study adds new significant insights to our current understanding of the regulation of rice grain filling. Further investigation is needed to explore the mechanisms of sucrose and ABA regulation of SUS (both the activity and the protein expression) in vivo and the possible signalling network.
